Objective: To examine whether scheduled forced wheel activity counteracts the increased body weight gain in rats undergoing chronic circadian desynchronization induced by repeated 12-h shifts in the light-dark cycle. Design: Four age-and body weight-matched groups of adult male F344 rats were subjected to 12-h intermittent forced wheel activity daily (2.2 km/day). Each group had the following schedule for 13 weeks: a fixed schedule of a daily 12:12-h light-dark cycle and activity training (WF); a fixed light-dark cycle and 12-h shifts twice a week in activity training (WS); 12-h shifts twice a week in the light-dark cycle and a fixed schedule of activity training (LSWF); and 12-h shifts twice a week in both the light-dark cycle and activity training (LSWS). Two additional age-and body weight-matched sedentary rat groups were selected from our database: one was maintained on a fixed light-dark cycle (LC) and the other was subjected to 12-h shifts twice a week in the light-dark cycle (LS). Results: The four rat groups that were exercised showed different response patterns of the daily body temperature rhythm to different combinations of forced activity and lighting schedules. Their food intake was more than that of the two sedentary rat groups, but their body weight was comparable with that of the LC rats and less than that of the LS rats during the forced activity period. The LSWS rats were heavier than the WF and WS rats in the first and second months of the experimental treatment, but their body weight was comparable with that of the WS and WF rats in the third month. Conclusion: Forced activity was effective in reducing the body weight gain in chronic circadian desynchronization that was induced by repeated shifts in the light-dark cycle, although such an effect might become significant only after some time.
Introduction
Work shifts have been reported in several studies to be closely associated with metabolic disturbances. These disturbances include high body weight gain, 1 body mass index, [2] [3] [4] [5] [6] [7] waist-to-hip ratio, [6] [7] [8] prevalence of overweight 9 and obesity, 2,10 serum cholesterol, 8, 10 and prevalence of high serum triglyceride and low high-density lipoprotein (HDL)-cholesterol. 10 However, the causal relationship between work shifts and metabolic disturbances has been questioned. 2, 8, 11, 12 Recently, we have used an animal model to
show that a causal relationship exists between chronic mismatches in circadian rhythms and metabolic dysregulation. 13 Experimentally induced long-term circadian rhythm disturbances due to repeated light-dark shifts that simulates chronic work shift resulted in increased body weight gain in male F344 rats. This was accompanied by increased food intake and a lower activity level.
In general, regular physical activity is beneficial to health. Previous field studies found that nurse shift workers who received moderate physical fitness training for months reported better shiftwork tolerance, reduced general fatigue, sleepiness and musculoskeletal signs than sedentary controls. [14] [15] [16] Chronic exercise is also associated with reduced body weight gain and lower adiposity in humans, 17, 18 as well as in rats. [19] [20] [21] However, whether exercise training is associated with better body weight control in shift workers or in animal models of chronic circadian desynchronization is not known. In this study, we used an established rat model of chronic circadian desynchronization 13 to assess the effect of scheduled forced wheel running/walking training on body weight regulation in male F344 rats undergoing repeated light-dark shifts. We postulated that forced activity would counteract the increased body weight gain induced by repeated light-dark shifts.
Apart from the effect of exercise on health, appropriately timed exercise periods are capable of altering the circadian rhythms in humans 22, 23 and animals. [24] [25] [26] [27] Either voluntary wheel running or forced treadmill running, scheduled at the same time each day, can entrain free-running rhythms in mice, 24 ,25 rats 26 and hamsters. 27 However, compared with a 12:12-h light-dark cycle of medium light intensity (e.g., 40-100 lux), the daily timed 12-h intervals of free access to a running wheel or 3-h sessions of forced treadmill activity are relatively weak time cues in mice 24, 25, 28 and rats. 26 In this study, we also examined whether scheduled forced wheel activity altered the entrainment pattern of the body temperature rhythm. We postulated that the counteracting effect of forced activity on increased body weight gain induced by repeated light-dark shifts might be associated with the entraining effect of scheduled forced activity.
Methods

Animals
Specific pathogen-free, male inbred F344 rats (F344/N) aged 6-8 weeks were purchased from the National Laboratory of Animal Breeding and Research Center, Taipei, Taiwan, ROC When the rats were 9-13 weeks old, some of them were randomly chosen to receive aseptically surgical implantations of heart rate/temperature/activity (HR E-mitter, Mini-Mitter Co., Bend, OR, USA) or temperature/activity transponders (E-Mitter, Mini-Mitter Co.) in the abdomen under isoflurane anesthesia owing to a limited amount of transponder availability. At least 1 week later, when the rats that received surgical procedure showed body weight close to pre-surgical levels, each rat, including the ones that had not received transponder implantation, was housed in an individual lab-designed running wheel. The running wheel apparatus consisted of a timercontrolled motor and gear system (DM09-GN, 5GN-100, Tung Lee Electrical CO., Taiwan, ROC) and two or three wheels each attached with a gear and all chained together with the motor system. The wheel could turn freely when the rat walked or ran in it at will (free mode) or turn only when the motor turned on (motor-driven mode). The wheel included a metal side screw-locked with a gear and soldered with a stainless steel wire mesh (11 cm wide), which formed an inside diameter of 35 cm (B1.1 m/revolution). It was where the rats could stand or lie down freely and the wastes could easily drop through and then be collected. A magnetic reed switch pair was attached to the wheel and the gear holder to detect wheel revolutions. The open side of the wheel was blocked by, but not in contact with, a plastic board. Food feeders and water bottles were suspended on the plastic board with the open ends of the feeders and the spouts of the bottles facing the inside of the wheel so that the rat could reach food pellets and water freely.
A previous study showed that a 10-week voluntary wheel exercise reduced body weight gain in young adult male Fisher rats only when a higher daily activity level, for example, 0.7 miles (1.1 km) vs 0.3 miles, was maintained. 21 However, a forced treadmill activity of 1.5 km during each daily training session in constant dim light was still a very weak time cue for entraining the activity rhythm in young adult male Sprague-Dawley rats. 26 Taking these studies in consideration, we examined the effects of three daily levels of forced wheel activity on the re-entrainment of the body temperature rhythm in two young adult male F344 rats. When the daily amount of forced wheel activity was set at 1500 revolutions (B1.6 km) in a 12-h training period and tested under constant dark conditions, the temperature rhythm shifted o5 h in 3 days in response to a 12-h shift of the forced activity schedule. When the daily forced wheel activity was set at 2000 revolutions (B2.2 km) and 2500 revolutions (B2.7 km), the temperature rhythm shifted 8 and 12 h in 3 days, respectively. We also tested the effect of a 12-h light period of 300 lux on the re-entrainment of the body temperature rhythm when rats were placed in plastic cages, which were not equipped with running wheels. When the 12-h light period began at the onset of the subjective night, which corresponded to the beginning of forced wheel activity on the previous day, the temperature rhythm shifted 8 h in 3 days. The two rats showed similar response patterns of body temperature rhythm to each activity level and the 12-h light period. As the activity level of 2000 revolutions/ day induced comparable entrainment effect on temperature rhythm to the 12-h light period, it was chosen in this study. On each day of the scheduled forced activity, the motor turned on for 30 min every 45 min in the 12-h training period. Thus, the speed of the wheel at the motor-driven mode was set at B4 revolutions/min. With the wheel turned at this speed, the rat walked most of the time instead of running. The running wheel apparatus was placed in a soundattenuated recording room. The room was illuminated by fluorescent lamps, and the light inside each wheel was maintained at 300 lux when the fluorescent lamps were turned on. The lamps were connected to a power switch, under the control of a digital timer. Each room was also equipped with a dim red lamp (2-4 lux), so that routine measurement and cleaning could be performed when the fluorescent lamps were turned off. The room temperature and humidity were maintained at 22-241C and 55-75%, respectively. Food pellets (3.25 kcal/g) and water were available ad libitum. Routine husbandry work was performed every 2-3 days to maintain the well-being of rats. All the animal facilities and care followed the guidelines provided by the Guide for the Care and Use of Laboratory Animals, National Academy Press, Washington, DC, USA, 1996. All procedures and experimental protocols were also approved by the Institutional Animal Care and Use Committee. 
Experimental design
The rats were chosen according to body weight recorded at the baseline while the wheel was set in the free mode. Randomly, each of the rats was then assigned to one of the four study groups ( Figure 1 ):
(1) Fixed daily forced wheel activity schedule group (WF, n ¼ 8). The wheel was set at motor-driven mode for 13 weeks, in which the motor periodically turned on in the 12-h dark phase from Tuesday to Sunday (Figure 2a) Figure 1 Schedules of lighting and forced wheel activity throughout the experimental period, including 1-2 weeks of baseline recordings, a 4-to 7-day adaptation period to the scheduled forced wheel activity, a 13-week treatment period of fixed/shift forced wheel activity and/or fixed/shift light-dark cycle, and a 7-to 10-day recovery period. The LC and LS rats were housed without access to running wheels. Open horizontal rectangles indicate lights-on periods, and filled rectangles represent lights-off periods. The gray and hatched rectangles represent the time when the forced wheel activity was performed in the lights-on period and lights-off period, respectively. Zeitgeber Time 0 (abbreviated as ZT0) is defined as the onset of the lights-on period. The wheel was set at free mode in the baseline and recovery periods. Open triangles indicate the time when routine husbandry work was performed. LD, light-dark.
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as in the WF group (Figure 2c ) but the light-dark cycle shifted 12 h twice a week. The light-dark cycle shift always involved a 24-h period of lights on. One rat of this group stayed in a newly designed plastic wheel throughout the experimental period. As this rat responded to the treatment of forced activity and lighting shifts in terms of changes in circadian temperature rhythms, body weight, food and water intake, and serum lipids similar to the other six rats, its data were included in all the statistical analyses. (4) Repeated shifts in the light-dark cycle and forced wheel activity schedule group (LSWS, n ¼ 8). Both the lightdark cycle and forced activity period shifted 12 h twice a week. The force activity period was always in the dark,
Zeitgeber Time Exercise, circadian disturbance and weight gain L-L Tsai and Y-C Tsai that is, forced activity and lighting schedule were inphase, as the rats were naturally active in the dark (Figure 2d ).
For all the four rat groups that were exercised, the experimental period included 1-2 weeks of baseline recordings, a 4-to 7-day adaptation period to the scheduled forced wheel activity, a 13-week treatment period of fixed/shift forced wheel activity and fixed/shift light-dark cycle and a 7-day recovery period while the wheel was set at free mode. The adaptation period served as a training period for the rat to follow the time schedule for forced wheel activity. A fixed light-dark cycle was maintained during the baseline, adaptation and recovery periods.
To show the effect of scheduled exercise on metabolic regulation, two additional age-and body weight-matched sedentary rat groups, which were housed individually in plastic cages (45 Â 25 Â 50 cm 3 ) with Lignocel soft wood bedding on the bottom, were selected from our database. The rats in the LS group (n ¼ 8) were treated with 12-h phase shifts twice a week in the light-dark cycle. The rats in the LC group (n ¼ 8) were maintained on a fixed 12:12-h light-dark cycle throughout the experimental period except that the lights were extended to 24 h every Monday during the 13-week treatment period when light-dark cycle shift was enforced in the LS group (Figure 1 ). There were six LS-LC rat pairs selected from a previous study. 13 The recovery period for the LS rats was 10 days instead of 7 days because the light-dark cycle of the last 12-h shift on Friday returned to the same lighting schedule as that used at baseline and during recovery. Measurements for food intake and water intake were performed between 1 h before the dark phase and 6 h before the light phase. That is, routine husbandry work was always performed in early evening or at the time corresponding to that of the previous day. Wasted food pellets were searched and weighed, and the weight was added back to the weight of the feeders. Body weight was measured on the last day of the baseline period, every Monday of the fourth, eighth and twelfth weeks of the light-dark cycle shift and/or forced wheel activity periods, and the last day of recovery.
Cannulation and blood sampling
Under isoflurane anesthesia, all rats except two LC and two LS rats had polyurethane tubing (0.040 inch O.D. Â 0.025 inch I.D., MRE 040, Braintree Scientific) implanted aseptically through the jugular vein after at least 7 days of recovery, a time at which most of the rats showed entrained body temperature and/or wheel activity rhythms to the lighting schedule. Two days later, 15 h before the blood sampling, all food pellets were removed from each rat cage/wheel, whereas water was still available ad libitum. Twelve hours later, corresponding to the onset of the lights, 2 g of food pellets were added to the feeder for each rat. Three more hours later, 400 ml of blood was withdrawn. The two LC and LS rats that did not have tubing implanted did not undergo the fasting or blood sampling procedures. The blood sample was kept on ice for 30-60 min. Serum samples were then taken by centrifugation (7000 r.p.m., 10 min) and were frozen at À701C until analysis. Triglyceride, total cholesterol, HDL-cholesterol and low-density lipoproteincholesterol in the serum were analyzed by commercial enzymatic assays using an auto-analyzer (Hitachi 7170).
Owing to blood clotting problems in the tubing, only 6, 4, 5, 5, 5 and 3 blood samples were collected from the WF, WS, LSWF, LSWS, LC and LS groups, respectively.
Organ weight and examination
Five days after the blood sampling, rats were killed under isoflurane. The heart, lung, liver, spleen, kidney, adrenal gland and testis were removed and weighed soon after the rat stopped breathing for a few minutes. Routine microscopic examinations were performed on samples of the abovementioned organs, aorta, stomach and duodenum. Tissues were fixed in a 10% formalin solution and, after being processed by an automatic dehydration machine (Shandon Pathcentre, Thermo Fisher Scientific, Inc., Waltham, MA, USA), were embedded in paraffin. The sections 3-mm thick were stained with hematoxylin and eosin and examined by a pathologist.
Data analysis
The heart rate/temperature/activity and temperature/activity transponders were each energized by an energizer/receiver device (ER4000, Mini-Mitter Co.), and they transmitted heart rate (beat per minute), body temperature and activity signals. The signals were in turn detected by the same device via telemetry. Owing to significant interferences in the heart rate and activity signals when the wheel revolved, only the temperature data were reported in this study. The temperature signals were sampled at 2 Hz using custom software written in LabView 6.1 (National Instruments, Austin, TX, USA). The number of revolutions of the wheel, as detected by the magnetic reed switch, was recorded by the same software as well. The temperature data were averaged and the wheel activity counts were summed up every 30 s; thus, a total of 2880 data sets were collected daily. Successive 30-s temperature data points were subtracted by daily mean values, multiplied by 10, and plotted by the Actiware (Mini-Mitter Co.) only when the temperature difference was larger than zero.
A 24-h cosine fitting model 29 was used to evaluate circadian variations of the hourly mean temperature data. Circadian phase (acrophase) was defined as the time when the daily peak temperature of the fitted cosine curve occurred. Successive 30-s wheel running data were further summed at 10-min intervals. The onset of wheel activity on each day was defined as the first 10 min in which the wheel revolutions exceeded three times the value of the daily mean Exercise, circadian disturbance and weight gain L-L Tsai and Y-C Tsai after an interval of 240 min during which this threshold was not exceeded. The phase angle was expressed as the difference in hours between the time of onset of wheel activity and the time of lights-off. The positive value of phase angle represents that the onset of wheel activity is in advance of lights-off. The phase angles at the baseline and on recovery days 2 and 7 were compared to determine whether the activity rhythm was entrained to the light-dark cycle immediately or gradually during the recovery period. The phase angle on recovery day 1 was ignored because the wheel was set in the free mode for only 12 h for most rats on that day. Food intake and water intake data were summed up over three successive measures and then divided by seven to represent the daily mean values over a certain week. Daily mean food intake and water intake were then averaged across the weeks to represent mean values in the baseline, the successive months during the 13-week treatment period, and the recovery.
Two-factor mixed-design analysis of variance (ANOVA) with group (rat groups) by time (experimental periods) was performed on body weight, food intake, water intake, wheel activity and phase angle. Post hoc comparisons were performed using Tukey's test. The effect of forced activity training on the ratio of organ weight to body weight and serum lipids was evaluated by one-way ANOVA followed by post hoc Tukey's tests. All statistical analyses were performed using SYSTAT 7.0 for Windows. An alpha level of 0.05 was used for all statistical tests. All values are presented as means7s.e.m., if not specified.
Results
Forced wheel activity and re-entrainment Although a 12-h shift of the forced wheel activity at 2000 revolutions/day shifted the temperature rhythm up to 8 h in 3 days in constant dark conditions as shown consistently in two rats in our pilot study, this phase shift/ re-entrainment effect could not fully counteract that of a fixed B300 vs 2-4 lux light-dark cycle. The body temperature of the WS rats fluctuated temporarily with shifts in the forced activity, but the rhythm was still entrained to a fixed lighting schedule (Figure 3 ). In the WS rats, the mean phase angle of voluntary wheel activity on recovery day 2 did not differ significantly from that at the baseline or on recovery day 7. In contrast, repeated shifts in the light-dark cycle could induce shifts in the body temperature rhythm of the LSWF rats even when a fixed schedule of forced activity was maintained (Figure 3) . The body temperature rhythm and voluntary wheel activity was not entrained to the light-dark cycle on recovery day 2 but took several days to be reentrained in some of the LSWF rats (Figures 2c and 3e) . When the light-dark cycle and the forced activity schedule shifts were enforced together as in the LSWS rats, the daily peaks and troughs of the body temperature tended to shift immediately and correspond to the lights-off/forced activity and lights-on/wheel-off period, respectively (Figure 3) . However, shifts of body temperature peaks and troughs might not represent shifts of the circadian temperature rhythm but masking effects of light/dark and forced activity. This is because both the body temperature rhythm and the voluntary wheel activity were not entrained to the lightdark cycle on recovery day 2. However, it took several days to be re-entrained in some of the LSWS rats even though the recovery period followed 3 days of the same lighting schedule as that used in recovery and 3 days of forced activity trained in the dark period (Figures 2d and 3f) . In the LSWS rats, the mean phase angle of the voluntary wheel activity on recovery day 2 tended to differ from that at the baseline (Po0.1) and significantly differed from that on recovery day 7 (Po0.01; Figure 4 ).
Repeated shifts of exercise and/or lighting schedules
Although mean body weight, food intake and water intake were similar among the six rat groups at the baseline, they varied during the 3 months of experimental treatment and recovery (group Â time: .001, respectively; the water intake data during recovery were lost in one WF rat). As shown in Figure 5 , the LS rats were heavier than those in the remaining five rat groups during the 3 months of experimental treatment and while they were in recovery (2772, 3873, 4673, 5074% increase from baseline in LS; 1772, 2772, 3572, 4073% in LC). Among the four rat groups that were exercised, the LSWS rat group had greater mean body weight than the WF and WS rat groups in the first and second months of the experimental treatment, but a comparable mean value with the other three rat groups in the third month. The animals in all the four rat groups that were exercised ate ( Figure 6 ) and drank more than those in the two sedentary rat groups during the 3 months of experimental treatment and while they were in recovery. However, the mean food intake and water intake did not vary among the four rat groups that were exercised. In the rats that were exercised, continual increases in food intake and maintenance of lower body weights during recovery might be related to the increase in the voluntary wheel activity (mean7s.d. ¼ 9457475 revolutions/day in recovery days 1-3 and 10747681 revolutions/day in recovery days 4-7) compared with that at the baseline (mean7s.d. Figure 7) .
Among the four serum lipids assayed, only the total cholesterol showed a significant group effect (F[5,22] ¼ 4.8, P ¼ 0.004). Compared with the LS rats (81.775.7 mg/dl), the total cholesterol level was significantly lower in the WF (55.375.6 mg/dl; P ¼ 0.011), WS (54.073.2 mg/dl; P ¼ 0.015) and LSWS (56.075.5 mg/dl; P ¼ 0.019) rats but not in the LC Exercise, circadian disturbance and weight gain L-L Tsai and Y-C Tsai (62.972.4 mg/dl; P ¼ 0.476) and LSWF (69.272.4 mg/dl; P ¼ 0.525) rats. On the day of killing, the body weight of the animals in all the four rat groups that were exercised was still significantly lower than that of the LS rats but not lower than that of the LC rats. The ratio of organ weight to body weight showed significant group effects in the testes (F [5, 36] kidneys and lungs of the animals in all the four rat groups that were exercised tended to be higher than that of the animals in the two sedentary rat groups. However, in comparison with the animals in the other five rat groups, the weight of the adrenal glands was higher only in the LSWF rats.
No prominent pathologic conditions and significant lipid infiltrations were found in any examined tissues in any rat groups. Figure 3 Examples of double-plotted body temperature in one LC rat (a), LS rat (b), WF rat (c), WS rat (d), LSWF rat (e) and LSWS rat (f) throughout the experimental period. Each data point represents a mean body temperature difference in 30 s from the daily mean body temperature and is plotted only when it is larger than zero. The blank record lasting for 24 h indicates recording failure on that day. Open and filled horizontal rectangles at the top of each plot represent the lights-on and lights-off periods in both baseline and recovery, respectively. On the left side of each graph, dots indicate the adaptation period to forced wheel activity, arrows represent the beginning and the end of the scheduled light-dark shift and/or forced activity shift periods, and vertical lines indicate the period when the schedule of forced wheel activity (WS and LSWS groups) and the light-dark cycle (LS, LSWF and LSWS groups) were shifted to 1801 opposite to those of the adaptation. Circles within each graph and dots on the right side of each graph indicate the acrophase and statistical significance (Po0.05) of the daily temperature rhythm fitted to a 24-h cosine curve.
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Discussion
Our previous study demonstrated that repeated reversal of the external light-dark cycle twice a week in the LS group resulted in continual phase shifts in the circadian rhythms and increased body weight gain in male F344 rats. 13 This study shows that the inclusion of forced wheel activity training, either in a fixed schedule as in the LSWF group or in a repeated 12-h shift schedule as in the LSWS group, counteracted the weight-gaining effect of repeated shifts in the light-dark cycle. Forced activity training could have two effects: one is the change in the re-entrainment pattern of circadian rhythms to a new time cue schedule and the other is the alteration in the metabolic system. As shown in previous studies in mice 25 and rats, 26 dailyscheduled forced activity is a valid, although weak, time cue for entraining circadian rhythms when other time cues, for example light, are absent. Our pilot study in two F344 rats also proves that a fixed 12-h daily schedule of intermittent forced wheel activity in constant dark conditions could entrain the body temperature rhythm and a 12-h shift in the forced activity schedule could induce phase shift/re-entrainment of the temperature rhythm. However, the entrainment effect of a fixed forced activity schedule could not fully prevent circadian phase shifts that were induced by repeated shifts in the light-dark cycle, as observed in the LSWF rats (Figure 3e ). Further, repeated shifts in the forced activity schedule with a fixed light-dark cycle could not successfully induce continual phase shifts as observed with repeated shifts in the light-dark cycle (compare Figure 3b and d) .
When both the forced activity and lighting schedule were repeatedly shifted together, they induced immediate shifts in the daily peaks and troughs of the body temperature; this was either a masking effect or an entraining effect. Although the four rat groups that were exercised showed different response patterns of their daily body temperature rhythm to forced activity training, their mean body weights became equivalent in the third month of experimental treatment.
Considering that all the LSWF, LSWS and LS rats showed continual disturbances in the daily body temperature rhythm but only the LS rats maintained a higher body weight than the WS, WF and LC rats that had relatively stable circadian rhythms throughout the treatment period and during recovery, the counteracting effect of forced wheel activity on body weight gain could not be simply attributed to the role of forced activity as a non-photic time cue interacting with the photic time cue in modulating circadian rhythms. In addition, the immediate activating/masking effect of forced activity on body temperature did not play an important role in counteracting the increased body weight gain because the light-dark cycle in the LS rats also exhibited a masking effect on the body temperature. 13 On the other hand, the forced wheel activity might alter the metabolic system by which the weight-gaining effect of chronic mismatches of circadian rhythms was counteracted. Previous studies have established that, with the activity intensity above certain levels, exercises -either voluntarily 20, 21, 30 were lower and the organ weight of the lungs, hearts 33 and adrenal glands 21, 33 was higher in rats that were exercised. In this study, the food intake of all the four rat groups that were on forced activity training was more than that of the two sedentary rat groups, and their mean body weight was comparable with that of the LC rats but less than that of the LS rats during and after the training period. The serum cholesterol levels were lower and the relative organ weights of the testes, kidneys and lungs were higher in the rat groups that were exercised than in the sedentary rat groups. Thus, the intensity of the forced wheel activity applied in this study was capable of inducing a significant exercise effect on the overt behavior and physiological parameters, including food intake, body weight, serum lipids and organ weight. In contrast to the lack of interaction effect between the rat group and the experimental period on food intake among the four rat groups that were exercised, the LSWS rats were heavier than the WF and WS rats in the first and second months of the experimental treatment and then reached a mean body weight value that was comparable with that of the WF and WS rat groups in the third month and during recovery. It appears that the weight-gaining effect induced by repeated light-dark shifts still functioned even with exercise training but was counteracted later by a slowly developed effect of exercise on the metabolic system. The effect of exercise on metabolic regulation might not be related to food intake adjustment but may instead be related to a reduced feed efficiency, as the LSWS rats did not reduce their food intake during the late experimental period. The reduction in feed efficiency induced by exercise might be related to exercise-induced energy expenditure, an increased resting metabolic rate and an increased thermic effect of food. 35, 36 Furthermore, our previous study 13 suggested that repeated light-dark shifts might result in an elevated body weight set point because in comparison with the LC rats, the LS rats had an increased body weight gain that was concomitant with an increase in energy (food) intake and a decrease in energy output, that is activity. Thus, the effect of exercise on metabolic regulation in LSWS rats might also be related to a slowly downregulated body weight set point. Nonetheless, the response pattern of the mean body weight to the experimental treatment in LSWF rats is puzzling. Both the LSWF and LSWS rats were subjected to repeated lightdark shifts and thus experienced similar weight-gaining effects that were induced by these repeated light-dark shifts. It is likely that the combination of a fixed forced activity schedule and repeated light-dark shifts in the LSWF rats resulted in periodically greater overall daily activity than the in-phase shifts of the activity and lighting schedule in the LSWS rats. This is because, in the former condition, when the forced activity and light-dark cycle are out-of-phase, that is, the forced activity is enforced in the light period, the overall daily activity, including the forced activity and the spontaneous activity, particularly that occurs in the dark period, is expected to be higher. The presumed greater daily activity might be related to a heavier weight of the adrenal glands in the LSWF rats as well. Whether the combination of a fixed forced activity schedule and repeated light-dark shifts is involved in other metabolic mechanisms could not be determined in this study.
To summarize, this study demonstrates that the increased body weight gain resulting from repeated 12-h phase shifts in the light-dark cycle could be counteracted by the addition of forced wheel activity training either in a fixed schedule or in a repeated 12-h shift schedule. However, the counteracting effect of forced activity might not be immediate but might require some time to become significant. Whether and how the voluntary wheel activity and its intensity can also be beneficial to the effectiveness of exercise in body weight control in chronic circadian disturbances requires further studies.
